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INTRODUCTION
With a resting core temperature of 40-41 C, 3-5?C higher than mammals, birds are the highest temperature endothermic vertebrates (Whittow 1986, review in Prinzinger 1990). The environment is usually cooler than their bodies and the insulation provided by plumage is comparatively small. The smallest birds have the highest relative conductance as well as the narrowest temperature range over which they do not have to ' Received 13 June 1993. Accepted 2 December 1993. 2 Corresponding address. [257] metabolize extra fuel to remain warm (the thermoneutral zone; Aschoff 1981). Hence, under the same climatic conditions, the smallest bird species incur the highest relative heat loss (Visser 1991). Because wind increases conductance (Bakken 1980 (Bakken , 1990 (Bakken , 1991 , relatively small birds living under windy conditions must have particularly high levels of maintenance metabolism (Mmaint) , which is the Basal Metabolic Rate plus extra costs for thermoregulation at environmental temperatures below the thermoneutral zone.
Shorebirds using coastal habitats are relatively small and live exposed to the elements (Piersma, in press). Analysis of latitudinal variation in the energetics of Sanderlings (Calidris alba) by Castro et al. (1992) , has shown that use of environments which are costly in terms of heat loss are indeed accompanied by high field metabolic rates. Shorebirds migrate enormous distances, encountering a large variety of climates in the course of their annual cycles. Whether this leads to greater or smaller seasonal variation in energy expenditure than a sedentary way of life in a single seasonal environment remains unknown.
The few published studies measuring the contribution of Mmaint The current study describes seasonal changes in Mmaint of a long-distance migrant shorebird that breeds in the High Arctic. We take as our example one of the five subspecies of Red Knot (Calidris canutus islandica) (Piersma and Davidson 1992), which breeds in north Greenland and northeast Canada and spends the nonbreeding season along the seashores of northwestern Europe (Davidson and Wilson 1992), being the only subspecies that winters north of the tropics. Red Knots are well suited for the purpose of analyzing maintenance and thermoregulatory requirements, as they live in rather simple, twodimensional habitats with little variation in the climate-microclimate relationships, wherever they occur. This study is part of a larger research program aimed at unraveling the energetic costs, benefits and constraints of long-distance migration between the High Arctic and a variety of nonbreeding latitudes (e.g., Piersma et al. 1991 Piersma et al. , 1993a .
By integrating laboratory and field approaches to describe the thermal environments of a migrant species throughout the annual cycle while also examining the behavioral responses by which the birds modify these, we address some of the major research challenges identified by Walsberg (1983a) in his review of ecological energetics. We have done so by exploiting as fully as possible the "heated taxidermic mount"approach of predicting standard operative temperatures (or, inversely, maintenance metabolism), leading to microhabitat-specific equations based on a few commonly measured standard weather variables. This makes it possible to use the great potential of the existing meteorological databases to shed light on the seasonal energetics of a worldwide traveler.
METHODS THE APPROACH
Empirical functions to predict maintenance metabolism of free-living Red Knots in different microhabitats on the basis of the three standard weather variables (air temperature, wind speed and global solar radiation), were derived from series of measurements with heated taxidermic mounts, combined with the function to convert heat loss of the mounts into heat loss of live birds (Fig. 1) . The latter function was derived from the two linear functions of heat loss (of mounts and of live birds) on temperature measured under similar windand radiation-conditions in the laboratory (Fig. 1) . The development of a physically realistic regression model (see below) made the microhabitat-specific functions linear, except for the fact that the heat loss (or maintenance metabolism) of live birds is never lower than basal metabolic rate. This exception explains the breakpoints in the linear relationships between heat loss of live birds and other variables (Fig.  1) .
HEATED TAXIDERMIC MOUNTS
The heated taxidermic mounts, or "copper knots," are devices closely resembling live Red Knots but electrically heated to a constant core temperature (Tm) similar to the body temperature (Tb) of the living bird. (Our terminology and abbreviations conform as much as possible to the standards proposed by Bligh and Johnson 1973.) Heat loss to the environment equals the measured consumption of electric energy.
The construction of the mounts was based on the instructions of Bakken et al. (1983, 1985) . Since several modifications were made, we summarize our procedure. A carefully skinned Red Knot corpse was used as a mold. To preserve the feathered skin for later use, it was cleaned of fat and dabbed with a Borax solution that also kept it flexible. The remaining feather-and skin-free body was deep-frozen and coated with artificial rubber. When the rubber was dry, the rubber was cut open and carefully peeled off, producing a good quality mold which was then filled with melted beeswax. After the beeswax had hardened, the rubber mold was again peeled off, leaving a wax replica of the skinned Red Knot. A narrow tunnel was drilled from the rear diagonally towards the back, in which a hollow copper tube (diameter 5 mm) was placed. This tube functioned as a bridge strengthening the cast and was used to place thermistors in the centre of the mount. A spiral groove (total length about 1 m) was carved in the wax covering most of the mount (including the head) to accommodate a heater wire. After covering the wax mount with graphite, a thin copper layer of about 0.2 mm wa, deposited over the surface of the wax by connecting the graphite-covered wax mount to a DC power supply (5 V) and placing it for two days in a sulphuric acid bath containing a copper anode. The sulphuric acid solution was continuously stirred with an aquarium pump to get an even deposition of copper over the entire surface. Next, the heater wire, which was insulated by putting a silicon tube around it, was glued into the preformed groove. A second 0.2 mm copper layer was then deposited, covering the heater wire and thickening the copper cast. The beeswax was then removed by placing the mount in boiling water and letting the wax run out through a small hole on the rear end of the cast.
The skin was then placed on the copper cast. A heat-conducting paste commonly used in electronics was put between the copper cast and the skin to avoid insulating air cushions between the two layers. The head and rear end of the skin were fixed to the copper cast with glue and the incision on the belly closed with needle and thread. Plumage was "waterproofed" with a commercial tent spray, the spray having no effect on the appearance of the plumage. Although this ensured that the models could tolerate some rain (but not more than half an hour), measurements made in rainy periods were discarded. For a second set of mounts, a ceramic mold of a skinned body was used. A total of eight mounts was produced, four of which could be used simultaneously. Seven had winter plumage skins and one a breeding plumage. In the absence of noticeable differences, we pooled the data obtained with mounts produced from different casts and with different plumage types.
The mounts had no legs. Measurements ofsurface temperatures of legs and feet of Red Knots showed that heat loss through these parts is negligible at air temperatures below the thermoneutral zone (Wiersma et al. 1993, L. Bruinzeel, T. Piersma and P. Wiersma, unpubl. data).
The heater wire (nickel-chromium, diameter 0.34 mm, total resistance 10 Q) was connected to an electrical power supply (car battery), yielding V, which was usually 12 V DC but sometimes slightly less. We registered V at regular intervals to correct for these small variations. A thermostat (Proportional Integrated Differentiating regulator, accuracy: l?C, TOHO Electronics Inc., Tokyo) registering Tm with a thermocouple (PT100) placed in the core of the mount, kept Tm at 4 I?C, close to the average Tb of Red Knots (unpubl. data). Balancing battery-life under field conditions (frequent readings greatly reducing battery-life) with consistency of the estimated power consumption of the mounts, every 20 sec a digital datalogger (Squirrel 1200, Grant Instruments, Cambridge, UK) sampled the voltage, V, over the heater wire and Tm. For the latter measurement a thermistor (NTC) was situated next to the thermocouple inside the mount. Voltage was either approximately 12 V or zero. The datalogger recorded the average values of voltage, Vm and Tm, from 90 measurements equally spread over a 30 min period. The voltage on-offpatterns were irregular and independent of the datalogger sample cycle.
The ratio Vm/V, gives the estimated proportion of time that electricity flowed through the heater wire (i.e., tv) during the 30 min recording interval. The total resistance of the heater wire plus cable, Rm, was measured and therefore the energy consumption of the mount, Hm, can be calculated from:
Hm tv V2/Rm
(1)
where Hm is measured in W. It would have been more elegant to separate the resistance values for model and cable. We estimate that 5% of the measured heat loss was from the cable. The calibrations of live birds to mounts with attached cables in standard laboratory environments compensated for most of this small bias. Maintenance Metabolism (Mmaint) is defined as the metabolic rate ofpostabsorptive birds resting or sleeping in different microhabitats. Maintenance Metabolism is a shorthand for the residual component of the daily energy expenditure excluding activity, heat increment of feeding (HIF), energy retention (storage) and cost of synthesis. It is the (nearly) obligatory energy expenditure covering BMR and the extra costs of thermoregulation (see Walsberg 1983b and Weathers and Sullivan 1989 for an earlier use of the term). In the laboratory-"microhabitats" SMR equals Mmaimt. We avoid the term Resting Metabolic Rate to describe our measure of energy expenditure (e.g., Gessaman 1973), since it is defined to include the energy expended on digestion and absorption of food (Bligh and Johnson 1973).
HEAT LOSS OF LIVE BIRDS IN

HEAT LOSS OF MOUNTS IN STANDARD ENVIRONMENTS
The energy expenditure of the heated taxidermic mounts at a range of air temperatures (-200C to +400C) was measured in a respirometry unit with u equal to 1 m/sec, i.e., in similar conditions to which the live birds were subjected. The relation between Hm and Ta was estimated using a simple linear regression model to fit the model derived from "Newton's law of cooling":
where Kesm is the overall conductance of the mount in the standard environment (W/?C). The value of Kesm varied between the mounts, and also increased with time. Mean Kesm of four new mounts was 0.063 W/C (range 0.058-0.074). After 10 months it had increased to 0.094 W/?C (range 0.077-0.104). Consequently, Kesm of the different mounts had to be estimated several times during the period of usage. Calibration exercises were usually carried out just before or after the field measurements. For the few remaining field measurements made in the interval between two calibration exercises, linearly interpolated values for Kesm were used. All equations calculated from the different mounts and measuring periods were adjusted to a standard mount with a Kesm of 0.055 W/?C (this being the value for conductance measured in live birds at u = 1 m/sec, see Results) and a standard core temperature of 410C according to:
where Hsm is the heat loss of the standard mount in W. In doing so, we assumed that the mounts' absorptances to solar radiation varied in the same way over time as their conductances. The manner in which the effects of air temperature, wind and radiation are combined in the mounts and in the live birds, was thus only calibrated under a range of air temperatures at one wind speed. It is likely that the integration of the three effects on heat loss depends on the size of the bird (similar in mounts and live Red Knots) and on the pattern of surface temperatures, at the interface of animal and environment. Surface temperatures of the heated taxidermic mounts were measured with an AGEMA thermovision system (AGEMA Infrared Systems, Oberursel, Germany) at the University of Marburg, Germany. The patterns obtained were remarkably similar in the mounts and in the birds (Fig. 2) . The heated mounts lost more heat from the back but less through the plumage of head and neck. The conductance of the mounts under wind-free conditions (average of the four freshly made models mentioned earlier was 0.046 W/?C, range 0.043-0.051) almost equaled that of live birds (0.045 W/?C, see Results). This suggests that similar surface temperature patterns indeed imply similar heat loss patterns. We therefore believe that the integration of the effects of temperature, wind and radiation did not differ much between mounts and live individuals.
MAINTENANCE METABOLISM IN THE FIELD
The thermal conditions for Red Knots were measured with the heated taxidermic mounts in both the nonbreeding and the breeding areas. During the nonbreeding season 1989-1990 the mounts were placed on the mudflats and high-tide roosts near the island of Griend in the Dutch part of the Wadden Sea (53?15'N, 03?15'E). In June-July 1989 they were used in the tundra habitats on Rowley Island, Foxe Basin, Canada (690N, 79?W), and in June 1990 on the tundra near Alert, Ellesmere Island, Canada (82030'N, 620W). At each of the study sites the mounts were placed in the different microhabitats frequented by Red Knots. We ensured that the mounts were always facing the wind, as free-living Red Knots usually do.
Simultaneously with the measurements made with the mounts, the relevant determinants of dry heat loss (Monteith and Unsworth 1990), were recorded according to standardized methods used by meteorological services over halfhourly, or sometimes hourly, periods. These are: air temperature, Ta in the Dutch Wadden Sea and on Rowley Island and with an Eppley pyranometer at the weather station at Alert). In all arctic situations and in the majority of the remaining cases, the weather data were collected at the location where the mounts were placed. In a few cases we obtained them from a weather station at a maximum distance of 10 km from our study site, but then only in the extremely flat and uniform habitat of the western Wadden Sea. We developed a physically realistic regression model to describe the heat loss of the mount in terms of the three meteorological variables. Basically, the model follows "Newton's law of cooling," describing the linear relation between heat flow and the temperature difference between the environment and the subject (see Eq. 3). Overall conductance is a power function of wind speed, u, and measured exponents are generally in the theoretically expected order of size, i.e., about 0.5 (Goldstein 1983 , Stahel et al. 1987 , Chappell et al. 1989 , Bakken 1990 ). Using an iterative regression procedure and the regression model developed in detail below, we estimated the wind speed exponent for the six main microhabitats (the first six listed in Table 1) 
where K, u0.7 is the part of the overall conductance due to convective heat loss in the particular microhabitat and K, the radiative conductance of the mount in that habitat (K, and K, in W/?C). Measured wind speeds were always larger than zero. The value 0.045 represents the conductance of live birds measured in a convection-free environment, where Kuo." = 0 (see Results). Val- which through Eqs. 2a and 2b (i.e., replace Ta with Tes) relates maintenance metabolism of Red Knots in that particular microhabitat to the weather data. All mounts were used in all habitats.
Since the conductance and core temperature of the standardized mount were chosen to equal those of live Red Knots (so Tb = Tm and Kes = Kesm at a range of air temperatures and with u = 1 m/sec), the heat loss of the standard mount directly predicted the heat loss of a Red Knot, although only below Tic. We nevertheless chose the indirect approach via equations 2a and 2b using Te. (Eq. 6) in order to be able eventually to substitute values other than 0.055 W/?C for Ks and 4 1?C for Tb during analyses of other categories of Red Knots with slightly different characteristics (e.g., other subspecies or age or molt classes).
BEHAVIORAL ENERGY-SAVING MECHANISMS
Birds living in flocks create their own microhabitat and will experience less wind than solitary birds. As we failed to induce free-living Red Knots to roost around our mounts, an estimate of the energetic saving was made by measuring the heat loss of a mount standing in a flock of decoys. In the absence of a sufficient number of stuffed Red Knots, stuffed specimens of Greater Golden-Plovers (Pluvialis apricaria), along with a few Bar-tailed Godwits (Limosa lapponica), were placed in a flock with their heads pointed into the wind. These species are slightly larger than Red Knots, their lean masses being 1.47 x and 2.17 x that of Red Knots, respectively (van der Meer and Piersma, in press). A mount was placed in the center of the flock. The average distance between the decoys in two flocks was either 15 or 30 cm, similar to 0.75 and 1.5 bird lengths, the latter being the measure used in the field. Flock sizes were 52 and 31 specimens, respectively. As a control, one mount was placed alone in the same barren field.
The effect on heat loss of body orientation to wind was estimated with mounts placed perpendicular to the wind direction. This experiment was conducted in an open habitat.
Field observations of free-living Red Knots were collected throughout the nonbreeding season at various locations in the Dutch Wadden
Sea: on the mudflats near Texel (53008'N, 04056'E), Griend, and Schiermonnikoog (53028'N, 06010'E). During the breeding season Red Knots were studied on Rowley Island and near Alert, Ellesmere Island, in the Canadian Arctic. Flocks, or parts thereof, were scanned systematically while recording the behavior of each focal bird. Our ethogram included the following categories: feeding, preening, standing, sleeping (with the bill tucked between the scapulars), walking, running, bathing and standing. In addition, scans were made to record the body orientation of birds with regard to the wind axis (recognizing six categories: 00 [headwind], 450, 900 [sidewind], 1350 and 1800 [tailwind]), and to assess flock density in terms of the average nearest-neighbor distance (in bird lengths = about 20 cm). Simultaneously collected meteorological data were usually measured in the study area or sometimes obtained from the nearest weather station (within a radius of 10 km).
RESULTS
MEASUREMENTS IN THE STANDARD LABORATORY ENVIRONMENT
The Scholander-model fitted to the metabolic rate measurements described the data well (Fig.  3) . Basal metabolic rate of the Red Knots was estimated to be 0.95 W (SE = 0.037) (Fig .3) , 83% of the value of 1.14 W predicted by Kersten and Piersma (1987) for a 130 g wader (average starting mass during the oxygen measurements). Note that the values of BMR measured under the wind conditions in the respirometry unit and under wind-free conditions in the standard black plexiglass box did not differ (F-test, P > 0.05, Fig. 3) . The simultaneously estimated values of Ke, (at u = 1 m/sec ) was 0.055 W/0C and of Ke (without wind) was 0.045 W/0C (Fig. 3) , the difference being statistically significant (F-test, P < 0.05). This resulted in Ts of 23.7 and 19.90C, respectively.
MAINTENANCE METABOLISM IN THE FIELD
The microhabitat-dependent values for K, and K, (Eq. 5) are shown in Table 1 . The percentage of the total variation explained by Eq. 5 is 53% or more for all microhabitats. As an illustration of the goodness of fit between measurements and Figure 5 indicates that regression models to predict Mmaint on the basis of single weather variables give much poorer predictions than the use of the compound measure incorporating all three in a physically realistic way.
There is a clear relationship between K, and the extent of shelter offered by vegetation and/ or relief, with the highest conductance experienced by birds which are standing exposed on a bare hillock and the lowest for birds roosting in the dense vegetation of a salt marsh (Table 1) . It is likely that microhabitat-related differences in K, can be explained by differences in relative air temperature and, especially, relative wind speed (i.e., air temperature and wind speed in microhabitats relative to the values of the standard meteorological data measured under a different but standardized regime). The effects of microhabitat and flock mates on windspeed as experienced by the individual bird can be described as "habitat shelter" and "mutual shelter," re- Figure 6 shows the degree of habitat and mutual shelter as estimated for all situations used in our calculations of Mm__. The biggest difference is found between the densely vegetated habitat and the tundra hillock. Birds on a hillock experienced a wind speed 6 x higher than birds in the vegetation. K, varies by a factor of 2.5 in different microhabitats (Table 1) . Maximum radiative energy gain is about 1.6 W (on snow on tundra at a global solar radiation of 800 W/m2), indicating that solar radiation reflected by snow may be of use to shorebirds. However, under most circumstances radiation will have a relatively small effect on Mmaint.
BEHAVIORAL ENERGY-SAVING MECHANISMS
Red Knots in the temperate nonbreeding areas live in very large flocks averaging 7,000-8,000 birds (Piersma et al. 1993b), and the effect of spending time in the periphery of a flock must be rather small. Most Red Knots therefore experience a reduction in Mmaint relative to solitary birds. In a dense flock with an average nearestneighbor distance of 0.75 bird lengths, wind speed is reduced by 51%, compared to a solitary bird. In an open flock with an average nearest-neighbor distance of 1.5 bird lengths, wind speed is reduced by 33% (Fig. 6, Appendix 1) . These reductions should be applicable for all wind speeds.
Red Knots standing with their flanks in the wind would experience up to 17% more heat loss than when standing with their heads facing the wind, depending on wind speed (Table 1, Appendix 1). Our estimate may be slightly biased because the susceptibility of individual contour feathers to be moved by the wind must have been affected by the preservation of the bird skins and the absence of ptilomotor responses. Red Knots standing more than 900 from the wind direction, more or less with their tail to the wind, would experience greater heat loss because their feathers are blown apart.
The average nearest-neighbor distance of foraging Red Knots observed on the Dutch nonbreeding grounds was 4.4 bird lengths, ranging between 0.5 and 20 bird-lengths in different observed flocks. When Tes decreases, the absolute energetic advantage of living in a flock will increase. For the purpose of reducing energy expenditure, we expected Red Knots to form denser flocks with an increasing potential energetic advantage. Figure 7 shows For body orientation with regard to the wind axis, the percentage of birds standing with their heads from 00 to about 67* relative to the wind direction was plotted against the standard operative temperature, Tes (Fig. 8) , yielding a significant negative correlation (r = -0.60, P < 0.001). Below a Tes value of 50C, the average percentage of time that birds spent facing the wind is 92%, much higher than the randomly expected percentage (37.5%) (one-tailed Student's t-test, T = 32.5, P < 0.0005).
THE ANNUAL CYCLE OF MAINTENANCE METABOLISM
Weather data are often made available as daily, weekly or monthly averages. Estimates based on these data do not incorporate the diurnal and day-to-day fluctuations in the weather variables.
Since the relationship between Mmaint and wind speed is a power function, the use of wind speed averaged over long time intervals causes overestimates of Mmaint. In contrast, if Tes exceeds Tc for periods shorter than the averaging interval, Mmaint is underestimated. These biases do not necessarily cancel each other out.
Hourly weather data were averaged on a daily and a monthly basis, to investigate these potential biases empirically. Calculations are based on Red Knots behaviorally adjusting to their thermal environment in ways outlined above, and . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . staying in the Dutch Wadden Sea and in the Canadian Arctic. The estimates on the use of different microhabitats are given below. On average, monthly estimates are 1-2% higher than hourly estimates. Figure 9 shows that this deviation from hourly estimates is related to Tes. Since the probability that Red Knots encounter thermoneutral conditions is correlated to the amount of shelter that a microhabitat offers, the deviation also depends on microhabitat use. With high Tess the deviations change quite abruptly, due to the increasing probability of achieving thermoneutral conditions. The relationships shown in Figure 9 have been used below to correct the presented data.
We estimated seasonality in Mmaint of Red Knots using the regression model (Eq. 5) together with the microhabitat-dependent conductances (Table 1). Birds observed on the Dutch nonbreeding and Icelandic staging grounds spent about 50% of the time foraging (Alerstam et al. 1992, Wiersma and Piersma, unpubl. data). The rest of the time was mainly devoted to sleeping and preening (with at most 4% spent in flight; this includes the flights to and from the high-tide roosts). The time expenditure in the different microhabitats is therefore assigned as follows: 75% on mudflat and bare saltmarsh (50% of which is spent foraging), and 25% roosting on vegetated saltmarsh. On the breeding grounds the birds were considered to occur only solitarily, spending 50% in dense vegetation (nest), 25% in open vegetation, and 25% standing exposed on top of a hillock (T. Piersma, unpubl. data).
To estimate heat loss reductions for Red Knots due to their habit of living in flocks, data collected with solitarily standing heated taxidermic mounts had to be converted to the predicted values as if measurements had been performed in a flock, as outlined in Appendix 1. At an average nearest-neighbor distance of 4.4 bird lengths in foraging flocks, the average decrease in Mmaint compared to solitary standing birds works out at 6%. Since the nearest-neighbor distances showed only a weak decrease with an increase in the potential saving on Mmaint (Fig. 7) , the value of 6% was used throughout all calculations.
The extra heat loss incurred by not consistently facing the wind was estimated on the basis of equations presented in Appendix 1, and the behavioral data presented in Figure 8 . For a given thermal advantage, the expected percentage of time spent not facing the wind was estimated and the resulting extra heat loss calculated by using the measurements of mounts standing with their flanks into the wind (Table 1 ). Mmaint would increase by 2-9%, depending on microhabitat and weather conditions. Finally, the monthly estimates were adjusted for biases due to averaging-intervals according to the method outlined above (Fig. 9) .
Combining all this information resulted in an- by breeding Red Knots (Fig. 10C) the mounts were rotated among habitats, which should make the equations more robust.
THE USE OF HEATED TAXIDERMIC MOUNTS (MEASURING Tes) INSTEAD OF SIMPLER ALTERNATIVES (Te or Ta)
Heated taxidermic mounts are fragile and variable measurement devices, which require a constant power source. This makes them difficult to work with in the field. A simpler and more robust measuring device such as a hollow copper sphere would be the favored alternative to measure the thermal environment, if it could function as well (Bakken et al. 1985, Walsberg and Weathers 1986,  Bakken 1992) . The temperature of such a sphere (or, as an intermediate solution, of an unheated taxidermic mount) approximates operative temperature (Te). This is the integrated temperature of the environment which combines the effects of air temperature and radiation, but does not completely account for convective effects. Due to the low surface temperature of the "cold" sphere or mount, wind has only a minor effect on Te. This will result in a large underestimate of the equivalent blackbody temperature at strong winds in wind-exposed microhabitats (Fig. 5) . Klaassen (1992) showed the same effect by comparing cold and heated tern chick-mounts in sheltered and open habitats. Figure 5 indicated that air temperature, wind speed or global solar radiation on their own can not consistently predict the heat loss of the mounts over the range of studied microhabitats (wind speed does rather well in the "behind tundra hillock" and "mudflat and bare saltmarsh" habitats, radiation rather well in the "vegetated salt marsh" habitat). Predicting Mmaint in various microhabitats from the regression of SMR on Ta (the Scholander model) yields even poorer results for this species and for the open habitats it uses. Therefore, the quantification of Mmain, of birds living exposed and in the cold can only be done the more difficult way, using either heated taxidermic mounts, or unheated mounts or spheres while reconstructing wind effect taking simultaneous microclimatic wind measurements, including shelter and near-ground effects, into account (see Weathers et al. 1984; Weathers and Sullivan 1989, 1993 ; Bakken 1990 for examples) . The latter approach has the clear disadvantage that it does not allow generalized empirical relationships to be derived between standard weather variables and Mmaint. This means that habitatand site-specific evaluations of climate as it affects heat loss always have to be based on an (complicated) array of local measurements. Apart from the need to establish a continuous program of measurements, it precludes the opportunity to exploit the massive worldwide meteorological data archive. .................................. ...................... ......................... o ..... . . : ........................ ::: .,. ... 1992 ). An analysis of the energetic advantages that may accrue by selective movements to areas with more congenial weather conditions is outside the scope of this paper.
HEAT LOSS IN OTHER SHOREBIRD SPECIES
• . ,•Ca
That the rate of energy expenditure in hardworking parent birds rarely exceeded a levei of four times BMR led to Drent and Daan (1980) to infer a "maximum sustained working level" or "metabolic ceiling" above which birds would incur a fitness penalty (e.g., reduced survival). The fairly constant ratio between BMR and maximum sustained energy expenditure of parent birds (Drent and Daan 1980) and between BMR and maximum metabolizable energy intake in birds and mammals (4.5 times BMR, Kirkwood 1983), is easily explained if BMR is a reflection of the mass of organs (the "metabolic machinery") necessary to support peak levels of energy expenditure. This is the "energetic margin hy- Red Knots to reach this inferred metabolic ceiling in winter is substantial (Fig. 12) . Red Knots remaining in the Dutch Wadden Sea in the coldest month would exceed it in 30 of the 31 years. This suggests that some shorebirds may winter under more severe climatic conditions than some passerines, where the northern boundary in midwinter coincided with a maintenance metabolic rate of 2.45 times BMR (Root 1988), or 2.3 W for Red Knots. Root's measure did not take wind and radiation effects into account, but they are likely to be of lesser importance for passerines living in sheltered habitats than for Red Knots. Of course, we need more experimental information on actual maximum sustained energy expenditure (e.g., Dawson and Marsh 1989) in this species, and on the importance of exercise-generated heat in substituting for thermoregulatory expenditures (e.g., Paladino and King 1984, Zerba and Walsberg 1991, Bakken and Lee 1992). We also need to explore the ways in which Red Knots respond to differences in Mmaint relative to the quality of the feeding grounds and the distance to alternative nonbreeding areas. 
A SIMULATED PROLONGED MIGRATION
CONCLUSIONS
Heated taxidermic mounts are a powerful tool for converting standard laboratory measurements of energy expenditure to an ecologically and behaviorally important parameter, the maintenance metabolism of free-living birds in their natural environment. Obtaining measurements by using heated taxidermic mounts in different natural microhabitats to arrive at microhabitat-specific equations to predict Mmaint on the basis of standard weather variables, allows for analyses of habitat, climate and behavior as they affect the energy expenditure of birds in the field. They also allow the behavioral adjustments made by birds in flocks and in different microhabitats in relation to weather to be modelled. The calculations presented here suggest that Mmaint of Red Knots wintering in temperate Eu-ropean coastal areas may have decreased by more than 10% over the last 30 years. Nevertheless, the overall average Mmaint is 83% higher than that of those wintering in the West African tropics. Moreover, there is a strong indication that Red Knots wintering in the Dutch Wadden Sea, the north-eastern edge of the winter range, are operating close to their metabolic maximum. Attempts to explain the current distribution and migration patterns of a species, and the timing of its seasonal movements, are usually limited by our inability to explore the consequences of options not currently prevailing, such as those only available in the past. The equations presented here offer tools to do just that with respect to a major component of the total energy expenditure of a long-distance migrant bird. As the energy intake of Red Knots can also be estimated from foraging time and potential food intake on the basis of empirical functional response curves (Zwarts et al. 1992) , the construction of a fully empirical annual energy budget model to evaluate the economics of decisions on when and why to move from one site to another is now within reach. Such a budget model allows a first comparison of predicted levels of energy expenditure with the seasonal flux of food availability. It is our conviction that when similar data become available for other populations of Red Knots, a realistic scenario for considering energetic costs and benefits world-wide will enable us to understand how their seemingly extravagant transequatorial migration system (Piersma and Davidson 1992) has evolved. open flock (Table 1) and assuming no radiation (i.e., R, = 0 W/m2; an effect of radiation on MS is unlikely), we derived values for MS of 0.51 and 0.33, respectively.
In the field we encountered flocks with an average nearest-neighbor distance of 4.4 bird lengths. Since this is outside the range of nearest-neighbor distances offered in our experiments, the MS of birds in the field had to be estimated by extrapolation. The multiplication factor was only measured for an open habitat. As its effect is mainly due to changes in wind speed as experienced by the bird in a particular microhabitat, we have further refined the adjustment by estimating the degree of habitat shelter (HS), which is the reduction in wind speed in a particular microhabitat relative to a reference microhabitat. HS was derived in the same way as MS. As the reference we used the equation to predict Mmain, of birds facing the wind (the penultimate one in Table 1 ). For the six main habitats listed first in Table 1, Rate and/or body size can be predicted using the results of the heated taxidermic Red Knot mounts. The simplest way would be to predict the standard operative temperature, Tes, for Red Knots and then use this value in the Scholander curve of the particular species. However, since the effect of wind speed on heat loss is great, we should take into account the size of the species. A big bird standing high above ground level experiences higher wind speeds than one living closer to the ground. There is also an effect of body height on the experienced ambient temperature. The latter effect depends on ground surface temperature, and if this value is unknown, as it usually is, we cannot make estimates of its effect. Fortunately, a sensitivity analysis, under the assumption that surface temperatures are 50 above ambient temperature at 1.5 m, showed that the effect of height-related temperature differences is negligible.
To use the results of this study for other species two adjustments have therefore to be made: (1) of the basal metabolism and the conductance for the particular bird species and (2) of the wind speed effect for the appropriate body size, in particular the height from ground level, or "body height."
Basal metabolism and conductance are given in literature for many species. If not, it should be measured in live birds (see Gessaman 1987 for an overview of methods) or estimated on the basis of the most relevant allometric equation reported in literature (Kersten and Piersma 1987 for shorebirds, and see Aschoffand Pohl 1970 , Aschoff 1981 , Kendeigh et al. 1977 ). Since we have to use the overall conductance under the standard conditions, Kes, where u = 1 m/sec (Eq. 2a), we predict Ks by multiplying K, with 1.2 (i.e., the ratio Ks/K, = 0.055/0.045, as reported in this paper for Red Knots). K, is the convection-free conductance, which is the commonly measured and published value. After adjusting the lower critical temperature, Tc, for this other conductance value, we can describe the Scholander curve of the particular species under the standard conditions ( Eqs. 2a and 2b) . For an Eurasian Oystercatcher, for example, BMR is 2.9 W and Ks is 0.12 W/*C (i.e., 1.2.0.103) (Kersten and Piersma 1987), and T1c is therefore 16.8"C.
The difference in the experienced wind speed, due to the bird's body height, can be compensated for by the theoretical shape of the height-dependent wind speed curve. The shape of this curve is dependent on the resistance of the specific habitat, zo.
The ratio between the wind speeds at two different heights is u(h1)/u(h2) = In(h1/zo)/ln(h2/zo), where u(h,) and u(h2) are the wind speeds at heights h, and h2 respectively. For body height we take the distance between the ground and the most protruding point of the birds' breasts. For Red Knots we estimated this at 0.09 m. For an Eurasian Oystercatcher, with a body height of ca. 0.14 m, the experienced wind speed would be 1.15 times that ofa Red Knot, filling in 0.005 for zo, which is a value appropriate for a mudflat (R. (41 -T,)-Kr.Rg From Eq. 6 we can estimate the standard operative temperature, Tes, for the bird species. Having estimated Tes, we can predict Mmaint by filling in this value in the Scholander curve of this species, as described above.
We emphasize that the results of this method should be treated with caution, especially if the bird species is much bigger or smaller than a Red Knot. Deriving K~, from KI by multiplying with 1.2 gives a rather crude estimate since the factor may depend on body size and shape. Furthermore, the effect of wind on heat loss is probably also dependent on body size and shape. If no alternatives are available our method seems appropriate. It has the advantage of being straightforward with only a small number of parameters to estimate.
